Background: Taste loss is a significant problem in older adults, affecting quality of life and nutrition. Altered salivary rheology and loss of mucin function may contribute to taste loss by reducing mucosal defences in the oral cavity, impairing sensitivity to oral stimulants. This study aimed to investigate the effects of salivary rheology on taste loss in ageing. Salivary mucin glycosylation and binding to the oral epithelium was investigated in older and younger adults. A cell-based model was utilised to consider the role of saliva in taste loss. Methods: Human subjects aged >60 years (n = 25) and 18-30 (n = 30) provided saliva samples which were analysed for viscosity, mucin composition and mucin binding to oral epithelial cells (TR146/MUC1). Oral epithelial cells (TR146/MUC1 and SCC090) provided models for taste receptor activation. Results: Reduced levels and sialylation of MUC7 were evident in saliva of older adults which may lead to reduced viscoelasticity, while viscosity is unaffected. Impaired muco-adhesion of saliva from older adults was also observed. Saliva from older adults facilitated the bitter taste receptor activation less well than saliva from younger adults. The causes of taste dysfunction in older adults are unknown, but this study supports a role of saliva in facilitating the activation of taste receptors.
Introduction
There is a link between age and the decline of taste acuity, especially for bitter taste compounds [1, 2] . In ageing, loss of taste can result in malnutrition and diet-related disorders that are highly prevalent in adults aged >60 years old and represent a significant public health risk [3, 4] .
Saliva is present in the oral cavity and constantly bathes the taste buds on the tongue where it can interact with sensory stimulants and play a role in taste, smell, and chemo-sensation [5, 6] . Ageing results in changes in the physical properties of saliva, including reduced viscoelasticity [7] . This is likely because of the alteration in mucin composition, with reduced total levels of MUC7 [7] . Muco-adhesion of saliva could also play a role in the retention of tastants on the tongue which may affect taste receptor activation [8] . Certain muco-adhesive polysaccharides can prolong the perception of taste molecules likely by prolonging tastant retention and access to taste receptors [9, 10] .
Changes in the saliva of older adults could therefore impact upon taste function including the ability to taste bitter compounds. Bitter tastants are generally hydrophobic or lyophilic in nature and therefore their ability to activate taste receptors may depend on interactions with mucins in saliva. Furthermore, increased hydrophobicity of a compound leads to a reduced ability to form 8 am and 12 pm) and used the passive drooling technique, for 2 min. Subjects were asked to refrain from eating or drinking at least 2 h before samples were taken. Volunteers were sitting upright and asked to lean forward and allow saliva to collect into a sterile falcon tube. Samples were stored on ice immediately after collection, aliquoted to minimize freeze thaw cycles, and stored at −80 • C.
Analysis of Salivary Viscosity Using Differential Dynamic Microscopy (DDM)
UWS samples were thawed on ice and mixed with 1 um fluorescent beads (2%) coated with polyethylene glycol (PEG) [28] and sealed under a glass cover slip on a microscope slide using UV-cured glue. Slides were imaged in a bright field on a Ti-E inverted microscope (Nikon, Tokyo, Japan) using a 40X magnification equipped with a 40 × dry objective (NA = 0.95; Nikon). High speed videos were then recorded using a CMOS camera (model No. GS3-U3-23S6M-C; Point Grey Research/FLIR Integrated Imaging Solutions (Machine Vision), Richmond, BC, Canada), recording a 10 s video with a resolution of 1200 × 1200 pixel (px) at 160 fps. Images were taken from three distinct regions of each sample and an average taken to control for heterogeneity of the WS samples. Images were acquired at room temperature (average 25 • C). Diffusion coefficient (D) of the suspended fluorescent beads of radius (r) was measured using Differential Dynamic Microscopy (DDM) (31) . From the diffusion coefficient (D) it was possible to extract the viscosity of the sample using the Stokes-Einstein equation: Viscosity (Pa·s) = Kb T/(6 π D r), where Kb is the Boltzmann constant, T is the temperature, and r is the radius of the particles. In DDM, image sequences are analysed via a combination of image differences and spatial Fourier transforms to access information equivalent to that obtained by means of light scattering techniques as Dynamic Light Scattering (DLS) [29] . The DDM approach is particularly useful when samples of interest are available only in very small volumes, as in this study, or as thin quasi two-dimensional materials (e.g., cell cultures [30] ) that are not compatible with traditional dynamic light scattering approaches.
Total Protein Concentration
The bicinchoninic acid assay (BCA assay) kit (BioVision, Milpitas, CA, USA) was used to determine the total protein concentration of samples. Bovine Serum Albumin was used as a standard, 2-0.025 mg/mL, with water blank. Un-diluted saliva samples were added to a 96-well plate in duplicate, followed by the addition of BCA reagent. The absorbance at 540 nm was measured using the iMark Microplate Absorbance Reader (BIORAD, UK). Protein concentrations of samples were calculated with a standard curve created by plotting on a linear graph the standard concentration (mg/mL) against absorbance (nm). A linear equation was generated from the graph and used to calculate sample protein amounts from absorbance readings.
Gel Electrophoresis
Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE) was used to analyse protein composition of samples. Samples were prepared in NuPAGE lithium dodecyl sulphate sample buffer (LDS) sample buffer (25%) (Life Technologies, Paisley, UK) under reducing conditions (50 mM dithiothreitol (DTT)). Samples were boiled for 3 min at 100 • C and 50 µg total protein loaded onto the gel (Xcell electrophoresis unit (Life Technologies)). Electrophoresis with MES SDS running buffer (50 mM MES, 50 mM Tris Base, 0.1% SDS, 1 mM EDTA, pH 7.3 (Life Technologies)) was at constant voltage (200 v) for 32 min. A control sample of un-stimulated whole mouth saliva (UWS) from one healthy donor (aged 27 years) was included in each gel to allow for normalizing between gels.
Western Blotting
Following SDS-PAGE, resolved proteins were transferred electrophoretically to nitrocellulose membranes in an Xcell vertical electrophoresis unit (Invitrogen, Carlsbad, USA) with transfer buffer (NuPage Transfer Buffer (Invitrogen, Carlsbad, CA, USA), 10% Methanol, UHQ water). Transfer was at 30 volts constant and 200 amps for 60 min. Following transfer, membranes were blocked for 1 h in 2%-5% (w/v) non-fat milk powder (NFM) (Marvell, Premier Foods, London, UK) dissolved in TBS-T solution (Tris-Buffered Saline, 20 mM Tris, 0.9% NaCl and 1% Tween 20, pH 7.6). After washing membranes in TBS-T, they were incubated in primary antibody solution at 1:500 dilution in TBS-T (EU-MUC5Bb or EU-MUC7 Novus Biologicals, Abingdon, UK) for 1 h at room temperature or overnight at 4 • C. Blots were washed in TBS-T and then incubated in secondary antibody at 1:10,000 dilution in TBS-T (Goat-anti-mouse igG, Sigma, Dorset, UK) for 1 h at room temperature.
Bound antibody was visualised using chemiluminescent substrate Luminata Crescendo Western HRP (Merck Millipore, Watford, UK) and blots were exposed to X-ray film (Photon Imaging Systems Ltd, Swindon, UK) for 30 s to 5 min. The JPI automatic X-ray film processor model JP-33 (Jungwon Precision Industries Ltd. Seoul, Korea) was used to develop films with RG rapid X-ray developing solution and X-ray fixer (Champion Photochemistry, Kuala Lumpur, Malaysia). Films were processed for 90 s at 37 • C followed by fixative for 3 min and drying at 50 • C. All exposure and developing steps were conducted in dark conditions.
Detection of Sialic Acid
To detect total sialic acid residues in saliva, UWS samples were electrophoresed by SDS-PAGE and transferred to nitrocellulose as described above. After transfer, membranes were washed in TBS-T (Tris-Buffered Saline, 20mM Tris, 0.9% NaCl and 1% Tween 20, pH 7.6) for 30 min at room temperature. Membranes were probed with biotinylated Sambucus nigra agglutinin (SNA, 0.05 µg/mL) for detection of α-2, 6 linked sialic acid, and biotinylated Maackia amurensis leukoagglutinin II (MAL II, 0.4 µg/mL) was for detection of α-2, 3 linked sialic acid (Vector Laboratories, Burlingame, CA, USA). Both lectins were diluted in TBS-T and incubation was at room temperature for 60 min. Following washing in TBS-T, 6 × 2.5 min, signal from bound lectins was detected using horseradish peroxidase linked streptavidin (Vector Laboratories). Lectin signal was visualised using chemiluminescent substrate as described above.
Semi-Quantification of Immuno-Blots
Densitometry was conducted to semi-quantify band intensities of Western blots. Western blot films were scanned, and images were imported into Image J version 1.46 (NIH, Bethesda, MD, USA) for semi-quantification of the band pixel intensity.
Cell Culture
Experiments were carried out using the TR146 buccal epithelial carcinoma cell line stably transfected to express human MUC1 (a kind gift from Professor Martine Morzel, INRA, Centre des Sciences du Goût et de l'Alimentation, Dijon, France) and SCC090 squamous cell carcinoma cell line derived from the base of the tongue. TR146/MUC1 and TR146 cells were cultured in DMEM/F12 medium (Gibco), supplemented with 15% foetal bovine serum (FBS) and 100 units/mL penicillin, 100 µg/mL streptomycin in T175 flasks (Life Technologies, Carlsbad, CA, USA). SCC090 cells were cultured in Eagle's Minimum Essential Medium (EMEM) supplemented with non-essential amino acids (L-Alanine 0.89 g/L, L-Asparagine 1.5 g/L, L-Glutamic Acid 1.47 g/L, Glycine 0.75 g/L, L-Proline 1.15 g/L, L-Serine 1.05g/L), 10% FBS and 1% gentamycin (all Sigma, Dorset, UK). TR146 cells were sub-passaged every 3 to 4 days with medium changes every 2 days. SCC090 cells were sub-passaged every 5 days with medium changes every 2 days. Cells were incubated at 37 • C, 5% CO 2 .
Mucin Muco-Adhesion Assay
For the assay, TR146 cells were seeded at a density of 5 × 10 5 cells/mL and SCC090 were seeded at a density of 1 × 10 6 /mL, both in 12-well culture plates, incubated for 24 h until >80% confluency was achieved. A layer of saliva was added onto cells by incubating sub-cultures for 2 h with saliva diluted 1:1 into growth medium, as previously described [31] . Saliva samples were clarified by centrifugation at 2000× g for 10 min at 4 • C before depositing onto the cells. Following the incubation period, samples were washed twice with PBS to clear any non-adsorbed salivary mucin. Cells were lysed using a modified RIPA buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS) containing protease inhibitor cocktail (Sigma-Aldrich, Dorset, UK). The lysates were collected and centrifuged at 13,300× g for 10 min at 4 • C to eliminate cell debris. The supernatant was used for Western blotting of bound mucins (performed as described above). Lysates were stored at −20 • C between analyses and kept on ice during experimental work to prevent degradation by proteases.
2.11. Transfection and mRNA Analysis 2.11.1. Purification of Plasmid DNA hTAS2R38 PAV plasmid DNA was a kind gift from Professor Maik Behrens, Leibniz-Institute for Food Systems Biology at the Technical University of Munich. The Gα16Gust44 chimeric construct was a gift from Professor Takashi Ueda, Division of Cellular Dynamics, National Institute for Basic Biology (NIBB), Okazaki, Japan. Preparation of this construct was described previously [32] .
XL1-blue competent E. coli (Agilent, Santa Clara, CA, USA) was transformed according to the manufacturer's instructions and plasmid DNA was purified using the QIAprep Spin Miniprep Kit (QIAGEN, West Sussex, UK) following the manufacturer's instructions. Mini-prep DNA samples were digested with HINDIII and NOTI restriction enzymes (Promega, Southampton, UK), used according to the manufacturer's instructions. Briefly, 10-20 U of restriction enzyme was added to 1 µg of plasmid DNA with the appropriate buffer. Mixtures were incubated at 37 • C for 60 min. DNA fragments of the expected size were confirmed by agarose gel electrophoresis.
Subsequently, DNA was purified for use in transfections using GeneJET Endo-Free Plasmid Maxiprep Kit (Thermo Fisher Scientific (Life Technologies), Paisley, UK).
Primer Design
To minimise the possible amplification of genomic DNA, primer pairs for the determination of the transfection of the human cell lines were designed, where possible, so that at least one primer in a pair would span an intron-exon boundary ( Table 1) . To design primer sets, the Roche universal probe library assay design centre software was used (https://lifescience.roche.com/). Primer sets were assessed for specificity to the target gene using the NCBI nucleotide BLAST software (http://blast.ncbi.nlm.nih.gov/Blast.cgi). 
DNA Agarose Gel Electrophoresis
DNA was analysed using agarose gel electrophoresis. Electrophoresis grade agarose (0.8-2% w/v) (Sigma-Aldrich, Dorset, UK) was dissolved in TAE buffer (0.004 M Tris-acetate, pH 8.0; 1 mM EDTA) with heating. The gel was cooled to 55 • C, 10 µL of GelRed (Biotium, Hayward, CA, USA) was added and the mixture was poured into a cast. DNA samples were prepared by addition of loading buffer comprised of 0.04% (w/v) bromophenol blue, 0.04% (w/v) xylene cyanol and 5% glycerol. Electrophoresis was at 120 V for 1 h. Bromophenol blue and xylene cyanol were used as tracking dyes. DNA molecular weight markers (1 kb DNA ladder, 100 bp DNA ladder; New England Biolabs, Ipswich, MA, USA) were run alongside the DNA samples to allow for determination of approximate DNA fragment size. Gels were imaged under UV light and images were taken by using a gel documentation system (Syngene).
Determination of DNA/RNA Concentration
DNA/RNA concentrations were determined using the Nanodrop 2000 (Labtech International Ltd., Heathfield, UK). DNA samples with OD 260/OD 280 ratio between 1.8-2.0 were used in experimental work.
Transfection of TR146 and TR146/MUC1 Cells
For the expression of TAS2R38/Gα16Gust44, TR146 and TR146/MUC1 cells were transfected using plasmid DNA prepared as described above. 0.3 µL of LipoJet transfection reagent (Promega, Southampton, UK) was added to the buffer supplied (5 µL per well) and the mixture was vortexed for 5 s to mix. Endotoxin-free TAS2R38 and Gα16Gust44 DNA (100ng:50ng per well) was added to the mixture, vortexed for 5 s and incubated for 10 min at room temperature. Next, 1 × 10 6 /mL cells were re-suspended in complete DMEM/F12 Ham media and 50 µl/well seeded in a 96-well plate before the transfection reaction mixture was added immediately. Cells were incubated for 24 h at 37 • C, CO 2 (5%) before use in calcium assays. A mock transfection, using an empty vector, was conducted alongside transfection using DNA of interest as a negative control. Empty pcDNA 3.1 + vector (Invitrogen, Carlsbad, CA, USA) was purified as described above and transfected into cells using identical conditions to the TAS2R38/Gα16Gust44.
RNA Extraction
RNA was extracted from cells using the GeneElute Mammalian Total RNA Kit (Sigma, Dorset, UK) following the manufacturer's instructions. Cells were seeded 24 h prior to RNA extraction at 2.5 × 10 5 /mL in 6 well tissue culture plates. For transfected cells, RNA extraction was performed 24-48 h after transfection. DNase digestion was performed to eliminate gDNA from the RNA preparations. RNA was eluted with 50 µL tris solution (10 mM, pH 8.5). The concentration was determined using the NanoDrop and RNA was used for RT-PCR experiments.
Reverse Transcription
cDNA used in PCR was synthesised from RNA preparations using reverse transcription. In a PCR reaction tube, a RT reaction mixture (10 µL total) was created, comprised of 1 µL of oligoDTs (50 µM, Sigma, Dorset, UK), 1 µL of DNTPs (aqueous solution of dATP, dCTP, dGTP and dTTP, each at a final concentration of 10 mM, Thermo Scientific, Paisley, UK), 1 µg RNA, and molecular biology grade water (Thermo Scientific, Paisley, UK). The mixture was incubated for 5 min at 65 • C before rapid chilling on ice for 1 min. Next, 1 µL superscript iv reverse transcriptase (Thermo Scientific, Paisley, UK) was added, with 4 µL buffer (supplied with the superscript kit), 1 µL DTT and 4 µL molecular biology grade water. The mixture was then incubated at 25 • C for 5 min, then at 50 • C for 60 min, and finally the reaction was inactivated by incubating at 70 • C for 15 min. The concentration of cDNA samples was determined using the NanoDrop and samples were stored at -80 • C between experiments. 2.5U PfuUltra™ HF DNA polymerase (Stratagene, La Jolla, CA, USA); 10 pmol of 5 phosphorylated sense and antisense oligonucleotide (Sigma-Aldrich, Dorset, UK). The template was denatured for 30 s at 95 • C. Thirty-five denaturation-annealing-extension cycles were conducted. After the completion of the cycling, a final incubation was conducted for 5 min at 72 • C for final annealing and extension.
FLEX Station Intracellular Calcium Measurements
Intracellular calcium measurements were conducted using fura-2/fluo-4 staining of cells. For the assays, TR146 MUC1 cells were seeded on black, clear bottom 96-well culture plates (Greiner Bio-One Ltd, Gloucester, UK), at a density of 5 × 10 5 cells/mL. SCC090 were seeded at a density of 1 × 10 6 /mL, incubated for 24 h until >80% confluency was achieved.
TR146/MUC1 and SCC090 cells were pre-incubated with 50 µL/well of a fura-2-AM solution consisting of 5 µL fura-2-AM/fluo-4AM (Life Technologies, Paisley, UK) (prepared at a concentration of 2.5 mM in 50% Pluronic F-127 (Life Technologies):50% DMSO) in 5 mL saline solution (140 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 2 mM CaCl 2 , 10 mM glucose and 10 mM HEPES, adjusted to pH 7.4). Plates were incubated for 60 min at 37 • C, 5% CO 2 . Excess dye solution was removed, and fresh saline solution added and baseline florescence readings (fura-2 AM = excitation 340 nm/emission 520 nm, fluo-4 AM = excitation 480 nm/emission 520 nm) were taken for 1 s using a FlexStation 3 (Molecular Devices, San Jose, CA, USA). The automatic pipetting system on the FLEX station was set to add the taste compound after 30 s of plate reading and readings were taken every 5 s for 1 min following compound addition. Ionomycin (10 µM) was added by the FLEX station, as a control to elicit maximum response in cells and allow for normalisation between wells, after 1 min and readings continued for 30 s more. Data were analysed using Softmax Pro software and expressed as the ratio between excitation and emission spectra (fura-2) or the difference between maximum florescence and baseline florescence (expressed as a ratio of ionomycin florescence) (fluo-4).
For measurement of responses to caffeine, probenecid (Sigma, Dorset, UK) (1 mM final dilution, 2 µL of 500 mM stock, prepared in 1N NaOH added per 1 mL saline) was added to the fluorescent dye/saline mixture and used to prevent leakage of calcium indicator dye. However, due to the reported allosteric inhibitory action of probenecid on TAS2R38 receptors [33] , it was not used in PTC experiments except as an inhibitor to control for TAS2R38 independent responses. Some dye leakage did occur in cells where probenecid was not added and as a result, the florescence readings were lower in those experiments.
Statistics
A power calculation (G*Power Software, Düsseldorf, Germany) was used to determine the sample size based on an average (±SD) difference in salivary flow rate and mucin concentration between older and younger adults. Assuming a medium effect size (d = 1.12, d = 1.09 respectively) a sample of n = 20 would be required to achieve significance (p < 0.05) using an unpaired t test (95% statistical power) [34] . Microsoft Excel (Version 1804, Microsoft Corporation, Redmond, WA, USA) and GraphPad Prism 7 software (GraphPad Software Inc., La Jolla, CA, USA) was used for data analysis and generation of graphs. SPSS version 24 was also used for statistical analysis (IBM Analytics, Armonk, NY, USA). The data was tested for normal distribution using the D'Agostino and Pearson's normality test. Data which was not normally distributed was analysed using non-parametric tests (Friedman test with Dunn's multiple comparisons). Data which was normally distributed was analysed with parametric tests (ANOVA). The student's t test was selected in the case of testing difference between two variables, even in the case of abnormal distribution when there was a great enough 'n' number to allow use of the parametric test [35] . Significance = p value < 0.05 * p < 0.01 ** p < 0.001 ***, p < 0.0001 ****.
While the sample collection and analysis were conducted by the same person, all samples were pseudo-anonymised with a code which was only broken after the analyses was complete, in order to mitigate the effects of researcher bias.
Results

Comparative Viscosity of Saliva in Ageing
Viscosity of unstimulated whole mouth saliva (UWS), from both age groups, was measured to determine the effect of ageing on bulk rheology of saliva. The dynamic viscosity of UWS was not significantly different between the age groups. However, the younger group did have slightly higher viscosity, 1.73 +/− 0.2 mPa·s compared to 1.55 +/− 0.2 mPa·s in the older group ( Figure 1 ). and GraphPad Prism 7 software (GraphPad Software Inc., La Jolla, CA, USA) was used for data analysis and generation of graphs. SPSS version 24 was also used for statistical analysis (IBM Analytics, Armonk, NY, USA). The data was tested for normal distribution using the D'Agostino and Pearson's normality test. Data which was not normally distributed was analysed using nonparametric tests (Friedman test with Dunn's multiple comparisons). Data which was normally distributed was analysed with parametric tests (ANOVA). The student's t test was selected in the case of testing difference between two variables, even in the case of abnormal distribution when there was a great enough 'n' number to allow use of the parametric test [35] . Significance = p value < 0.05 * p < 0.01 ** p < 0.001 ***, p<0.0001 ****.
Results
Comparative Viscosity of Saliva in Ageing
Viscosity of unstimulated whole mouth saliva (UWS), from both age groups, was measured to determine the effect of ageing on bulk rheology of saliva. The dynamic viscosity of UWS was not significantly different between the age groups. However, the younger group did have slightly higher viscosity, 1.73 +/₋ 0.2 mPa.s compared to 1.55 +/₋ 0.2 mPa.s in the older group (Figure 1 ).
. 
Analysis of MUC5b and MUC7 Expression in Saliva from Older and Younger Adults
Previous studies have shown reduced MUC7 in saliva from older adults, using glycoprotein staining of SDS PAGE gel electrophoresis of saliva [34, 36] . Glycoprotein staining, such as PAS and stains-all used in previous studies, show glycosylated forms of mucin, therefore de-glycosylation of mucin due to degradation, would show as reduced levels when quantifying using this method [37] . To determine whether expression of MUC7 is reduced or if MUC7 is de-glycosylated in UWS of older adults, immuno-blotting of mucins was conducted with anti-bodies directed to the peptide core of MUC7 and MUC5b as previously described [38, 39] . Mean (+/−SEM) levels of MUC7 were significantly higher in UWS from younger adults compared to older, 1.90 +/− 0.37 and 0.453 +/− 0.15 respectively, p = < 001 ( Figure 2 ). There was no significant difference in MUC5b from UWS of either age group, when semi-quantified from immuno-blotting, mean ratio to control WS of 6.02 +/− 0.77 in the younger group and 5.328 +/− 0.99 in the older group (Figure 2 ). MUC7 and MUC5b as previously described [38, 39] . Mean (+/₋SEM) levels of MUC7 were significantly higher in UWS from younger adults compared to older, 1.90 +/₋ 0.37 and 0.453 +/₋ 0.15 respectively, p = <001 (Figure 2 ). There was no significant difference in MUC5b from UWS of either age group, when semi-quantified from immuno-blotting, mean ratio to control WS of 6.02 +/₋ 0.77 in the younger group and 5.328 +/₋ 0.99 in the older group (Figure 2 ). Difference in means between groups tested for statistical significance using student's t test. p = < 0.05 * p = < 0.01 ** p = < 0.001. B. Representative image of an SDS-PAGE gel PAS of UWS from older (60+ years) and younger (18-30 years) adults stained for mucin glycoproteins. Approximate molecular weights: MUC5b 250kDa, MUC7 155kDa, amylase (used as loading control) 55kDa.
Effect of Age on Sialylation of MUC5b and MUC7
To further investigate mucin degradation in UWS from older and younger adults, lectin immuno-blotting was conducted with SNA and MAL II to detect changes in sialylation. SNA binds preferentially to MUC5b while MAL II binds preferentially to MUC7 [38] . There were significantly higher levels of both SNA and MAL II binding to mucins in UWS of younger adults compared to older (Figure 3 A) . For SNA, the mean (+/₋SEM) ratio to the control (amylase) in UWS was 1.33 +/₋ 0.22 in younger adults and 0.56 +/₋ 0.26 in older adults, p = <0.05. For MAL II, the mean (+/₋SEM) ratio to the control UWS was 1.92 +/₋ 0.17 in younger adults and 1.046 +/₋ 0.2498 in older adults, p = <0.01. Levels of salivary amylase did not differ significantly between groups (Figure 3 A) . Band intensities 
To further investigate mucin degradation in UWS from older and younger adults, lectin immuno-blotting was conducted with SNA and MAL II to detect changes in sialylation. SNA binds preferentially to MUC5b while MAL II binds preferentially to MUC7 [38] . There were significantly higher levels of both SNA and MAL II binding to mucins in UWS of younger adults compared to older ( Figure 3A ). For SNA, the mean (+/−SEM) ratio to the control (amylase) in UWS was 1.33 +/− 0.22 in younger adults and 0.56 +/− 0.26 in older adults, p = < 0.05. For MAL II, the mean (+/−SEM) ratio to the control UWS was 1.92 +/− 0.17 in younger adults and 1.046 +/− 0.2498 in older adults, p = <0.01. Levels of salivary amylase did not differ significantly between groups ( Figure 3A ). Band intensities from probing with both lectins were combined to give a value for total sialic acid in UWS from both age groups ( Figure 3B ). The level of total sialic acid was significantly higher in UWS of younger adults, with a mean (+/−) band intensity of 9565 +/− 939.5 compared to 4741 +/− 816.3 in the older group (arbitrary values), p = < 0.001. When expressed as a ratio to total mucin expression, the ratio of SNA binding to MUC5b did not differ between groups ( Figure 3C ). The ratio of MAL II binding to MUC7 was significantly higher in the younger group, 15.57 +/− 1.08 compared to 5.45 +/− 2.64 in the older group, p = < 0.01 ( Figure 3D ).
Thus, although there is no significant difference in levels of MUC5b between age groups, levels of sialylation are significantly decreased in the older group. In contrast, the lower binding of SNA to MUC7 may reflect both reduced levels of the mucin and reduced sialylation in the older age group.
binding to MUC5b did not differ between groups (Figure 3 C) . The ratio of MAL II binding to MUC7 was significantly higher in the younger group, 15.57 +/₋ 1.08 compared to 5.45 +/₋ 2.64 in the older group, p = <0.01 (Figure 3 D) .
Thus, although there is no significant difference in levels of MUC5b between age groups, levels of sialylation are significantly decreased in the older group. In contrast, the lower binding of SNA to MUC7 may reflect both reduced levels of the mucin and reduced sialylation in the older age group. Difference in means between groups tested for statistical significance using student's t test. p = < 0.05 * p = < 0.01 ** p = < 0.001 ***. (E) Representative image of lectin Western blots. Detection of sialic acids in UWS of younger (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) and older (60+) adults. SNA > 250 kDa, MALII 155 kDa, Amylase 55 kDa.
Effect of Age of Donor on Salivary MUC5b Binding in an In Vitro Model of the Oral Epithelium
Mucins facilitate binding of the salivary pellicle to the tongue and may therefore promote the access of bitter tastants to the taste receptors. To optimise the in vitro model for muco-adhesion of saliva, control UWS from one healthy donor was used on SCC090 and TR146/MUC1 cells ( Figure S1 ). Cells were incubated with saliva for 2 h and then washed to remove un-bound saliva and lysed. The residual, bound, saliva was determined by immuno-blotting of cell lysates. Both cell lines exhibited binding to salivary MUC5b ( Figure S1 ). Bound MUC7 was not detected in either cell line ( Figure S1B ). MUC1 expression was evident in both cell lines ( Figure S1B ). Binding of MUC5b in UWS from both age groups was determined in the TR146/MUC1 cell model. There was significantly higher binding of MUC5b from UWS of younger adults compared to older, 1.62 +/− 0.30 and 0.60 +/− 0.10 respectively, p = < 0.01 (Figure 4) .
Mucins facilitate binding of the salivary pellicle to the tongue and may therefore promote the access of bitter tastants to the taste receptors. To optimise the in vitro model for muco-adhesion of saliva, control UWS from one healthy donor was used on SCC090 and TR146/MUC1 cells ( Figure S1 ). Cells were incubated with saliva for 2 hours and then washed to remove un-bound saliva and lysed. The residual, bound, saliva was determined by immuno-blotting of cell lysates. Both cell lines exhibited binding to salivary MUC5b ( Figure S1 ). Bound MUC7 was not detected in either cell line (Figure S1 B) . MUC1 expression was evident in both cell lines (Figure S1 B) . Binding of MUC5b in UWS from both age groups was determined in the TR146/MUC1 cell model. There was significantly higher binding of MUC5b from UWS of younger adults compared to older, 1.62 +/₋ 0.30 and 0.60 +/₋ 0.10 respectively, p = <0.01 (Figure 4 ). Difference in means between groups tested for statistical significance using student's t test. p = < 0.05 * p = < 0.01 **.
Modulation of in Vitro Responses to Tastants by Saliva from Older and Younger Adults
The effect of age-related changes in UWS on calcium responses to PTC were demonstrated by incubating TAS2R38:Gα16Gust44 transfected TR146 MUC1 cells with UWS from older and younger adults. Expression of TAS2R38 and Gα16Gust44 were confirmed using RT-PCR and Western blotting Difference in means between groups tested for statistical significance using student's t test. p = < 0.05 * p = < 0.01 **.
Modulation of In Vitro Responses to Tastants by Saliva from Older and Younger Adults
The effect of age-related changes in UWS on calcium responses to PTC were demonstrated by incubating TAS2R38:Gα16Gust44 transfected TR146 MUC1 cells with UWS from older and younger adults. Expression of TAS2R38 and Gα16Gust44 were confirmed using RT-PCR and Western blotting ( Figures S2, S4, S5 and S7) . Transfection conditions and were also optimised ( Figure S3 ). PTC at 25µM was selected for the experiment since it was the lowest concentration required to elicit a TAS2R38 specific response, i.e., a significantly greater response in TAS2R38:Gα16Gust44 transfected cells compared to mock transfected ( Figure S8) . A significantly reduced response to PTC was observed in the presence of UWS from older adults (n = 22) with a mean (+/−SEM) florescence value of 0.39 +/− 0.21 compared to 1.76 +/− 0.33 with UWS from younger adults (n = 29) and 1.71 +/− 0.17 (p = < 0.01) without UWS (p = < 0.001) (arbitrary values) ( Figure 5A ). There was no significant difference between responses with younger UWS and responses without UWS. Successful transfection was demonstrated, since the response to PTC was significantly greater in TAS2R38:Gα16Gust44 transfected cells, 21.57 +/− 0.81, compared to the response in mock transfected cells which was 9.22 +/−1.80 (p = < 0.0001) ( Figure 5B) .
To demonstrate the effect of age-related changes in UWS on taste receptor interactions with caffeine, intracellular calcium responses in SCC090 cells were measured in the presence of UWS from older and younger adults. Caffeine concentrations were chosen for this experiment based on calcium response in SCC090 cells during optimisation experiments ( Figure S9) . A significantly higher response to 1.6 mM caffeine was evident in the presence of UWS from younger adults, with a mean florescence value (+/−SEM) of 4.94 +/− 1.05, compared with UWS from older adults, 1.72 +/−0.35 (p = < 0.05) and without saliva, 2.3 +/− 0.38 (p = < 0.05) (arbitrary values) ( Figure 6 ). The response in the presence of UWS from older adults was not significantly different to the response seen without UWS ( Figure 6 ).
was selected for the experiment since it was the lowest concentration required to elicit a TAS2R38 specific response, i.e. a significantly greater response in TAS2R38:Gα16Gust44 transfected cells compared to mock transfected ( Figure S8) . A significantly reduced response to PTC was observed in the presence of UWS from older adults (n = 22) with a mean (+/₋SEM) florescence value of 0.39 +/₋ 0.21 compared to 1.76 +/₋ 0.33 with UWS from younger adults (n = 29) and 1.71 +/₋ 0.17 (p = <0.01) without UWS (p = <0.001) (arbitrary values) ( Figure 5A ). There was no significant difference between responses with younger UWS and responses without UWS. Successful transfection was demonstrated, since the response to PTC was significantly greater in TAS2R38:Gα16Gust44 transfected cells, 21.57 +/₋ 0.81, compared to the response in mock transfected cells which was 9.22 +/₋1.80 (p = <0.0001) ( Figure 5B ). To demonstrate the effect of age-related changes in UWS on taste receptor interactions with caffeine, intracellular calcium responses in SCC090 cells were measured in the presence of UWS from older and younger adults. Caffeine concentrations were chosen for this experiment based on calcium response in SCC090 cells during optimisation experiments ( Figure S9) . A significantly higher response to 1.6 mM caffeine was evident in the presence of UWS from younger adults, with a mean florescence value (+/₋SEM) of 4.94 +/₋ 1.05, compared with UWS from older adults, 1.72 +/₋0.35 (p = <0.05) and without saliva, 2.3 +/₋ 0.38 (p = <0.05) (arbitrary values) ( Figure 6 ). The response in the presence of UWS from older adults was not significantly different to the response seen without UWS ( Figure 6 ). 
Discussion
Our previous study with this cohort of participants indicated that the older age group perceived certain stimuli (monosodium glutamate, PTC, and menthol odour) less strongly than the younger group [7] . When salivary flows were measured in response to the different tastants the older group generally showed a lower flow rate suggesting that subjective effects alone were not responsible for these differences. Although the older group took more medication than the younger group, their resting salivary flow rate was >0.1 g/minute-above the range for xerostomia and we considered the older group healthy. One observation requiring further examination was the greatly reduced spinnbarkeit of the older group's saliva compared to the younger group. Since the spinnbarkeit is closely related to the formation of the mucosal pellicle the present study was an in-depth analysis of the salivary mucins in both groups to determine if differences in the functionality could affect taste processes, in particular the transfer of tastants to taste receptors.
Since muco-adhesion is an important functional property of salivary mucin which may affect taste function, a muco-adhesion assay was performed to assess the effect of altered mucin sialylation and glycosylation on adhesive capabilities of saliva in older adults. TR146 cells which stably express MUC1 were selected as a model for the oral mucosa as surface bound MUC1 facilitates mucin-mucin Figure 6 . FLEX station measurement of intracellular calcium with caffeine in SCC090 cells with and without UWS from older and younger adults. SCC090 cells were loaded with the fluo-4am calcium indicator and incubated with or without UWS from older (60 + years, n = 22) and younger (18-30 years, n = 28) adults. Fluorescence emissions were recorded using FLEX station fluorescence plate reader, before and after addition of 0.16 mM caffeine. Mean (+/−SEM) change (∆) in fluorescence from baseline after compound addition (normalised to ionomycin response and control WS response). Cells stimulated with 0.16 mM caffeine without WS used for comparison (n = 21). Analysed for statistical significance using independent student's t test. Significance = p < 0.05 * p < 0.01 ** p < 0.001 ***.
Our previous study with this cohort of participants indicated that the older age group perceived certain stimuli (monosodium glutamate, PTC, and menthol odour) less strongly than the younger group [7] . When salivary flows were measured in response to the different tastants the older group generally showed a lower flow rate suggesting that subjective effects alone were not responsible for these differences. Although the older group took more medication than the younger group, their resting salivary flow rate was >0.1 g/min-above the range for xerostomia and we considered the older group healthy. One observation requiring further examination was the greatly reduced spinnbarkeit of the older group's saliva compared to the younger group. Since the spinnbarkeit is closely related to the formation of the mucosal pellicle the present study was an in-depth analysis of the salivary mucins in both groups to determine if differences in the functionality could affect taste processes, in particular the transfer of tastants to taste receptors.
Since muco-adhesion is an important functional property of salivary mucin which may affect taste function, a muco-adhesion assay was performed to assess the effect of altered mucin sialylation and glycosylation on adhesive capabilities of saliva in older adults. TR146 cells which stably express MUC1 were selected as a model for the oral mucosa as surface bound MUC1 facilitates mucin-mucin binding to MUC5b [31] . In the present study, the adherence of UWS MUC5b from older adults was reduced compared to younger adults. Despite the total levels of MUC5b being similar between age groups, the functionality of this mucin and binding to the oral epithelium may be impaired in older adults. The age-related reduction in salivary muco-adhesion seen in this study could be an underestimate of that occurring in vivo, since MUC1 expression has also been shown to be reduced in the oral epithelium of older adults which may further reduce muco-adhesion, in vivo [40] .
In vitro models for taste receptor activation are widely used to study the interaction between taste compounds and receptors [13] [14] [15] . However, previous studies have used cell lines from extra oral locations which may not be representative of the tongue epithelium. Moreover, the role played by saliva, in tastant-receptor interaction has not been considered. In this study, a biologically relevant model for taste receptor activation was developed, using oral epithelial cells. Calcium responses to PTC in TAS2R38 transfected TR146 cells were significantly reduced in the presence of UWS from older adults, compared with responses in buffer alone while responses with UWS from younger adults were similar to buffer. This suggests that the transport of PTC to the TAS2R38 receptor may be reduced in the older age group. Similarly, in the SCC090 cell line model, calcium responses to caffeine were enhanced by the presence of UWS from younger adults compared to UWS from older adults and buffer control.
If the layer of saliva on the tongue is reduced, because it is easily washed away and not bound to the mucosa through MUC1/MUC5b interactions, the dissolution of tastants may be impaired. Increased surface binding of saliva may lead to the enhanced retention of taste compounds in the oral cavity, which could perpetuate responses [41] . Lipophilic and hydrophobic compounds, for example, bitter tastants such as caffeine and PTC, bind to mucin in saliva [42] [43] [44] . Therefore, highly muco-adhesive saliva may facilitate the retention of these tastants in the mouth, allowing them to remain available to the taste receptors for a longer period. Indeed, older adults generally display reduced responsiveness to lyophilic taste compounds compared to younger adults [45] .
As an amphiphile, caffeine can increase the solubility of hydrophobic molecules in water [46, 47] as well as preventing the aggregation of such molecules. [48] . By binding to mucins, caffeine may inhibit their aggregation and thus promote faster diffusion to reach the taste receptors. In older adults, who displayed reduced salivary mucin and reduced sialylation of mucin with associated reduced functionality (i.e., reduced viscoelasticity of saliva) these mechanisms may not operate.
Expression of TAS2R10 and TAS2R43 were demonstrated in SCC090 cells (see Figure S6 ) but there are multiple other TAS2Rs that were not investigated which could be responsible for caffeine responses. Furthermore, multiple non-taste receptors exist which may also be activated by caffeine leading to intracellular calcium release. The lack of specific inhibitors of TAS2R receptors meant it was not possible to clearly demonstrate which receptor is activated during caffeine stimulation of SCC090 cells.
To assess the changes in quality of saliva in ageing, the viscosity of UWS samples from older and younger adults was measured using DDM, a useful tool for measuring the viscosity of low volume samples. The salivary viscosity values determined in this study are in agreement with several previous studies [49] [50] [51] [52] although, others have reported higher values [53] [54] [55] . Variation between studies likely reflects the lack of standardisation in testing methods and parameters such as temperature and shear rate.
There was no significant difference in UWS viscosity between age groups which corroborates previous work by Briedis et al., who showed no difference in SWS viscosity between older and younger adults [56] . Generally, the viscosity of saliva was higher in the younger group however this may reflect the fact that viscoelasticity was also greater in UWS of younger adults. DDM may be affected by viscoelasticity of the sample since movement of the colloid particles may be different in an elastic fluid compared to a purely viscous sample, known as Brownian motion [57] . However, the effect of viscoelasticity should be minimal in this study, as samples were frozen and thawed before the measurement [58, 59] .
The lower levels of MUC7 in older adults compared to younger may be the result of proteolysis of the peptide core or reduced secretion of mucin in older adults. Mucin degradation is sequential and begins with de-sialylation, followed by the degradation of oligosaccharide side chains, which exposes the protein core to proteolytic enzymes [60] . To further investigate the effect of ageing on the degradation of salivary mucin, lectin immuno-blots were conducted using SNA and MAL II to detect α-2, 3 and α-2, 6 linked sialic acid residues. Levels of both sialic acids were lower in older adults compared to younger. MUC7 sialylation was still reduced even when accounting for the reduced total levels, confirming degradation in saliva of older adults. Reduced sialylation of MUC7 has also been demonstrated in Sjögren's syndrome patients and may be associated with decreased lubrication and protection of the oral mucosa [38] . The degradation of mucin glycans and the reduction in sialylation results in a decrease in viscoelasticity of saliva with reduced hydration [61, 62] .
The use of medication amongst volunteers may represent a limitation of this study, since certain medications are known to affect salivary flow and taste. However, the study group may be better representative of the older population, since the vast majority of older adults in the UK take one or more medication [63] .
Conclusions
The results from this study demonstrate a decrease in the quantity and glycosylation of salivary mucins in older adults. De-sialylation and de-glycosylation of MUC7 in saliva of older adults affect mucin function. This is the first study to suggest that altered muco-adhesiveness of saliva may be an important factor in taste function which has not until now been considered. But how might impaired binding of MUC5b from UWS to TR146/MUC1 cells cause the reduced taste transduction demonstrated by the transfected-TR146 and SCC090 cell lines? One possible mechanism is that the adhered mucins provide an extracellular matrix than helps to concentrate tastants near to taste receptors. This could presumably explain the calcium responses to caffeine which were no higher than the buffer control when tastant was added in the presence of saliva from older adults but were significantly enhanced in the presence of saliva from younger adults. However, for more hydrophilic tastants like salt and sugar, this mechanism seems unlikely unless mucin hydrogels were able to bind sodium and saccharides, which has not been demonstrated so far. An obvious limitation of this work is the use of single tastants in aqueous solutions rather than real foods. Further work is therefore required using real foods to explore their interaction with salivary mucins in solution and when adhered to the mucosa (the mucosal pellicle). To conclude, we suggest that reduced taste sensation in older adults may, at least in part, reflect a decrease in mucin and mucin glycosylation which in turn leads to reduced muco-adhesion and impaired tastant-receptor interactions.
